Abstract Three isomers of hydroxy substituted N-aryl-1, 8-naphthalimides based on N-aryl naphthalic anhydride fluorophore have been synthesized. The decrease in fluorescence intensity from ortho to para substitution of hydroxy group on N-aryl reveals that para substituted isomer undergoes ESEC (Excited State with Extended Conjugation) mechanism which is proved by low quantum yield and appearance of dual emission. The ortho isomer, however, has high quantum yield and no tautomer emission, indicating ESIPT (Excited State Intramolecular Proton Transfer) mechanism is not operating. Similarly, all these isomers show strong fluorescence quenching in presence of strong H-bonding solvents like DMSO and pyridine, but there was neither the shift of emission bands nor the appearance of new bands for proton transfer to these solvents. Thus, it also indicates the absence of excited state proton transfer mechanism. Both the ortho isomer, and to a greater degree the meta isomer, showed larger quenching constants (Kapp) with pyridine than DMSO. This trend opposes the hydrogen-bond affinity for these solvents with phenol and points to a 2-point recognition interaction. In addition, a naphthalimide derivative using 2-aminoimidazole was prepared and examined for optimal positioning of a six-membered ring hydrogen bond pattern. No dual fluorescence was observed for this compound either.
Introduction
Recently, the advantages of dual fluorescent (DF) dyes have been highlighted by Demchenko with particular regard to their application in multifunctional sensor microarrays and other microscale sensor systems [1] . Some key features obtained from such photophysical properties arise in the ability for self-calibration of instrumental factors and more accurate cellular imaging where the variation of density/concentration of sensor molecules in the illuminated and observed volume is the limiting factor for quantitative assays. Perhaps the most well studied and established photoprocesses systems are based on dimethylaminobenzonitrile (DMABN) dyes which have been shown to display two-color emission via internal charge transfer properties. A number of reports have shown that depending on the degree of steric hindrance about the donor and acceptor groups, the dual fluorescence arises from either a twisted intramolecular charge transfer (TICT) [2] or a planarized intramolecular charge transfer (PICT) [3] [4] [5] [6] . A number of applications have evolved from this two-color response, most notably in the area of fluorescent molecular probes for ions and molecules [7] [8] [9] [10] [11] [12] [13] .
Some of the photophysical processes currently published that account for two-color emission from non-TICT/PICT systems also have potentially useful applications, particularly in the area of analytical response. For example, dyes that undergo excited state intramolecular proton transfer (ESIPT) possess especially useful photophysical properties [14, 15] . These compounds display two well-separated emission bands that in most cases are of equal intensity [14, 15] . The ESIPT (Excited State Intramolecular Proton Transfer) process was first reported by Albert Weller using 2-hydroxybenzoyl compounds such as methyl salicylate [16] . The ESIPT process is one of the most effective principles used in the design of molecules giving dual emission due to the formation of two tautomeric forms in the excited state [3] [4] [5] [6] . This process usually occurs in organic bifunctional molecules containing both hydrogen atom donor groups like hydroxyl or amino groups and hydrogen atom acceptor groups like carbonyl groups in close proximity where an intramolecular hydrogen bond formation is possible in the electronic ground state. The electronic charge redistribution within the molecule due to photoexcitation causes the ESIPT process [14, 15] . The rate of ESIPT is very fast due to the slight movement (about 1 Å) of the very light hydrogen atom in the excited state and is complete within the picosecond time regime at room temperature [18] .
Kasha et. al. have extensively studied this mechanism using 3-hydroxyflavones (3HF). Intramolecular proton transfer has been observed in these hydroxyflavones in highly purified and extremely dry solvent [17] . Formosinho has extensively reviewed intramolecular excited state proton transfer of aromatic systems in relation to the nature of the hydrogen bond ring [18] . Brown et. al. have also reviewed systems that pertain to hydroxy aromatic compounds [19] . Similarly, Dogra et. al. have done an extensive research on this field using different derivatives of benzimidazole (BI), benzoxazole (BO), and benzothiazole (BI) moieties [20] . As Dogra et. al. reported in their earlier work, the dual emission in 2-(2′-aminophenyl)benzimidazoles via ESIPT mechanism occurs only in nonpolar solvent. Later, to study the strong intramolecular H-bonding effect, one of the amino hydrogen atoms on the amino group was replaced by an acetyl group (electron withdrawing group). For this compound both the normal and the tautomer emissions were observed in all the solvents used. The presence of an acetyl group caused an appreciable increase in the acidity of amino proton leading to an increase in the rate of proton transfer.
More recently, 2-aryl-3-hydroxyquinolones were reported as a new set of quinolone dyes that display dual emission via ESIPT mechanism [21] . These 2-aryl-3-hydroxyquinolones with different electron donating aryl substituents at position 2 displayed the dual emission in all the tested solvents. For N-methyl substituted compounds of this class, the intensity ratio of the two emission bands was reported to be sensitive to solvent polarity with a change from toluene to dimethylsulfoxide. Another system that has been shown to display two emission bands even in protic systems such as water has generated considerable interest as a potential platform for fluorescent probes and operates through an excited state with extended conjugation mechanism (ESEC) [22] . Such dual fluorescent compounds are known as N-aryl-naphthalimides (NI) specifically the 1,2-, 2,3-, and 1,8-naphthalimides. An important distinction made between NI based dyes and DMABN based dyes is that the long wave (LW) emission is not dependent on solvent polarity. In sharp contrast to PICT/ TICT dyes, the dipole moment of N-aryl-naphthalimides has been found to be relatively small [23] . These fluorescent systems are thought to possess two emissive states S1 and S2, which are responsible for short wave (SW) and long wave (LW) emission, respectively [24] . While emission from S2 states are quite rare, the two excited state levels (S1and S2) have an energy gap sufficiently small for vibronic coupling [24] . The calculated electron distributions for the relevant molecular orbitals involving S1 and S2 are given in Fig. 1 . Electron transfer from the HOMO to the LUMO occurs from the π* orbitals of the carbonyl groups to the naphthalene moiety, in which the electrons of the aniline group do not participate. This excited state transition is expected to relax via radiative decay as SW emission. A comparison between the electron distributions in HOMO-1 and LUMO orbitals, however, indicates that electron density undergoes a longer distance shift from the aniline ring to naphthalene moiety. This S2 state reverses the direction of the dipole moment in relation to the ground state, thus giving rise to charge-transfer character (ICT) states responsible for solvent stabilized LW fluorescence.
The geometry of SW state is considered to be similar to that of ground state while the geometry of LW state LUMO HOMO HOMO-1 assumes a coplanar conformation. The formation of SW state is assumed to be associated with charge transfer from the naphthalimide moiety to the π* orbitals of the carbonyl group leading to an increase in the dipole moment of SW excited state in comparison to that of ground state. Similarly, the formation of LW state is the result of twisting of the phenyl group toward a coplanar geometry in which the driving force is the extra stability of the coplanar structure associated with the extended conjugation between the naphthalimide moiety and the phenyl group [20] . Substituent effects on both the naphthalimide moiety and the phenyl group have been studied to account for the trends in SW vs LW emission in N-aryl 1,8-naphthalimides [25] . According to this paper [25] , the substituted naphthalimide moiety affects the SW excited state energy level while substituted Naryl group affects the LW excited state energy level. Electron releasing substituents on both the naphthalimide moiety and the N-aryl group favor SW emission while no substituent on the naphthalimide moiety and the electron releasing group on N-aryl part favors LW emission or both SW and LW emissions (dual emission) [25] . This paper also reported the effect of the position of substituent on N-aryl part toward dual emission. Dual emission is only observed in para methoxy substituted Naryl naphthalimides but not in ortho or meta substituted isomers of that compound. The absence of dual emission in either ortho or meta isomers of methoxy substituted N-aryl 1,8-naphthalimides is due to steric factors, and therefore, the prevention of phenyl rotation leading to a coplanar conformation. With the absence of extended conjugation between naphthalimide moiety and phenyl group, the ESEC mechanism is inoperative.
As part of our ongoing work involving N-aryl-1,8-naphthalimides, it occurred to us that certain hydroxyl substituted derivatives might operate under competing mechanism as either an ESIPT or ESEC depending on the geometrical constraints of the molecule. ESIPT has been shown to occur when a nearby Brönsted donor and acceptor are arranged within intramolecular five or six-member ring arrangement. Our aim in this comparative study involved the preparation of N -aryl group substituted with a hydroxyl group specifically at the ortho position so that it may display photo physical features similar to an ESIPT dye or perhaps a combination of ESIPT and ESEC, and a para hydroxyl substituted isomer that may display dual emission via ESEC mechanism. In order to distinguish between two potentially competing mechanisms, the three positional isomers of aminophenol were incorporated into our synthesis of Naryl-1,8-naphthalimides.
Similarly, the effect of position of hydroxyl groups on dual emission and on quantum yield will be investigated using these three isomers. Previous studies have also shown that the position of electron releasing groups on the N-aryl part of naphthalimides affects the dual emission character of such molecules. The synthesis of each of these three positional isomers was readily carried out with the three aminophenol isomers in condensation reaction (Scheme 1) with commercially available 1,8-naphthalimide anhydride. In addition, a fourth derivative of 1,8-naphthalimide with a more ideal six-membered hydrogen bond configuration was also prepared and included in this study. Specifically, 2-aminoimidazole was condensed with 1,8-naphthalic anhydride as shown in Scheme 2.
Experimental details

Methods
To synthesize these isomers, reactions were typically run overnight 16 h and thin layer chromatography revealed reaction products. The solvent pyridine was evaporated by passing compressed air over the solvent in a hood. For purification, a column was done using mixture of acetone and dichloromethane in different ratios for these different isomers. Finally, solvent was evaporated using rotary evaporator and a dry tan powder was obtained. IR spectra were recorded on a Nicolet Avatar 370 DTGS. 
Photophysical measurements
Fluorescence measurements were done using Jobin-Yvon FluoroMax-3 and UV spectra were recorded using VarianCary 50 spectroscopy system. To study the photophysical properties of these three isomers, quantum yields were measured in different solvents like acetonitrile, ethyl ether, ethyl acetate, methanol and hexane. The quantum yield measurements were carried out using Quinine Sulfate dihydrate as standard (quantum yield=0.57) and values are given in "Appendix I" for these three isomeric forms [26] . From the fluorescence spectra, the ortho isomer showed the highest intensities among these three forms in all solvents used. Hence, the trend for quantum yield is observed as Ortho Isomer > Meta Isomer > Para Isomer.
Calculations
The fully optimized geometry of the ground state of the three hydroxy-isomers of N -aminophenol 1,8-naphtha- 
of HF/6-31G(d) [27] . The force matrices of the fully optimized structures were found to be positive definite.
Results and discussion
Absorption and fluorescence
For both ortho and meta isomers, (1 and 2) bathochromic shifts in absorption due to solvent polarity were observed as a general trend (spectra and λmax values in supplementary data). In hexanes (a mixture of C 6 H 12 isomers), these compounds displayed similar λmax values at 325 nm and a red-shift in absorbance for the most polar solvent methanol at 335 nm. Interestingly, the para-isomer (3) displayed a λmax in hexanes at 335 nm which is a higher value than observed for either ethyl acetate, diethyl ether or acetonitrile at λ=327, 329, 331 nm, respectively. Our explanation for this deviation in solvatochromism is dependent on solvent viscosity. As these compounds have been shown to display rotational dynamics about the C-phenyl-N-imide bond, 3 is expected to have a lower energy barrier than either ortho or meta isomers. Because these rotational rates have a dependency on solvent viscosity, i.e. lower rotational frequency at given temperature in higher viscosity solvents, the para hydroxy isomer may exhibit paraquinoidal properties that is not possible with the other isomers [28] . Thus hexanes which have a lower viscosity than either acetonitrile or methanol should provide a lower energy barrier to a rotation than other solvents.
Dual fluorescence
For the ortho isomer (1), dual emission (normal emission and conjugate base emission) via ESIPT mechanism was expected as the hydroxyl group (proton donor) and carbonyl group (proton acceptor) are in fairly close proximity. Upon photoexcitation, there exists the possibility of proton transfer leading to two emissions. As shown in Fig. 2 , this isomer displayed only strong SW emission but no tautomer emission.
Along similar lines, trends in fluorescence quantum yields also appear to depend on solvent viscosity. For all three isomers, we observed higher fluorescence quantum yields in methanol and acetonitrile than in hexanes and diethyl ether. While these trends do not correlate in a completely linear relation between viscosity and quantum yield, (i.e. Acetonitrile viscosity=0.345; ethyl acetate 0.426, QY of each at 7.1×10 −4 ), the "loose bolt" effect (i.e. non-radiative decay via internal conversion) appears to apply where higher viscosity solvents hinder non-radiative rotational relaxation of the fluorophore [29] . Conversely, isomer 3 gave two emission bands of various intensities in all solvents used (Fig. 3) . This isomer displayed fairly intense dual emission with nonpolar solvent hexanes (366 nm and 466 nm, dielectric constant ɛ=2.02), and less polar solvent dichloromethane (372 nm and 514, ɛ=9.08) and ethyl ether (371 nm and 538 nm, ɛ=4.34), but very weak DF with polar solvents like acetonitrile (375 nm and 550 nm, ɛ= 36.6) and water (379 nm and 517 nm, ɛ=80). Next, the 2-aminoimidazole derivative (4) was examined for dual fluorescence as the 2-amino proton is positioned to provide a hydrogen bond to imide carbonyl in forming a six-membered ring. In comparison to the phenol derivatives (1-3), compound 4 displayed far greater fluorescent quantum yields. However, despite the optimal ring geometry, the fluorescence (Fig. 4) show no LW emission, but only SW in the various solvents included with this study.
Quenching effect with DMSO and pyridine
Recent studies have shown that photoexcitation significantly increases the acidity of hydroxy aromatic compounds, [30, 31] and the proton transfer from excited molecule to strong proton acceptor solvents (i.e. hydrogen bonding solvents like DMSO and pyridine) is possible [32, 33] . Hence, to study the effect of strong proton acceptor solvents on the photophysical properties of hydroxysubstituted N-aryl 1,8-naphthalimides, these three isomers were titrated with DMSO and pyridine in 0 M-0.035 M range. The fluorescence measurements showed that quenching occurs with these isomers on increasing the concentration of these solvents during titration. In all cases, there was neither the shift of emission bands nor the appearance of new bands for proton transfer to these solvents, thus indicating the absence of an excited state proton transfer (vide infra for explanation). The fluorescence spectra for these titrations are given in the "Appendix II" section. Graphical analysis of the quenching data is shown in Fig. 5 . The Stern-Volmer plot of the steady-state fluorescence intensities in the absence (Io) and the presence of pyridine (I) shows an upward curvature in the Stern-Volmer plot. Such non-linear curves are observed when the same fluorophore can be quenched by both static and dynamic processes. To obtain an apparent fluorescent quenching constant (K app ) which is the product of both static and dynamic quenching constants, (
gives a linear graph shown in Fig. 6 . From the slope of Fig. 5 , ortho-isomer 1 shows a large K app =75.5 mM −2 for pyridine and 13.9 mM −2 for DMSO, whereas meta-isomer 2 displayed a K app = 8.6 mM −2 for pyridine and 18.4 mM −2 for DMSO. Para-isomer 3 gave similar K app values in response to fluorescence quenching as the meta-isomer 2 (curve not shown due to similar slope). These K app values represent a marked contrast to previously reported phenol/hydrogen-bonding interactions wherein DMSO shows a much larger quenching constant than with pyridine [34] . Without fluorescent lifetime data we were unable to separate the K S and K D terms and therefore report K app as the product of both. However, one explanation for the increased quenching ability of pyridine over DMSO may be due to pi-pi interactions with pyridine. Static quenching is often observed if the fluorophore and quencher can have a stacking interaction [35] . As Fig. 5 indicates, ortho isomer 1 shows a higher K app with pyridine than meta isomer 2. This difference between isomers is suggestive of a two-point recognition arrangement wherein the phenol proton can interact from a pi-stacked pyridine molecule with much closer proximity than meta isomer 3 (see Fig. 7 ). Three-point recognition with an additional sulfonate functionality 1,8-naphthalimides and a phenylboronic acid as the N -arene component has been recently reported [36] . Based on the fluorescence spectra obtained from these isomeric dyes, the ortho-isomer (1) displayed the highest fluorescence quantum yield relative to the other isomers. According to the ESEC mechanism, conditions which hinder rotation of the N-aryl group lead to lower internal conversion rates and higher rates of radiative decay processes. These findings agree with the isomeric properties as well, since an ortho hydroxy phenol provides increased steric hindrance and limits the degree of internal conversion. If an ESIPT photoexcitation process is occurring, a decreased fluorescence intensity should be observed due to quenching of the excited state via internal proton transfer. In addition, a second emission band is indicative of the anionic conjugate base being formed in the excited state. Instead, a second emission band is found only in the spectra for the para isomer. Such dual emission from an electron releasing parasubstituted arene, when appended to 1,8-naphthalimides, has been observed via an ESEC photoexcited state mechanism. In the case of para isomer 3, two rotational conformers exist in the excited state. As pointed out by Bercés et. al, the Nimide:C-aryl dihedral angle influences the short wave (SW) and (LW) emission bands [37] . At dihedral angles close to 90°, SW emission predominates; whereas LW emission can appear when the angle approaches coplanarity at 0°. A coplanar conformation allows extended conjugation and consequently a longer wavelength. Another useful trend found by comparing the fluorescence wavelengths is seen with the solvent polarity correlation to emission wavelength. In almost all cases, an increase in fluorescence wavelength (red shift) occurs with increased polarity of the solvent. To account for these trends of solvent polarity on fluorescence, an explanation is provided in the next section.
Molecular orbital calculations
Because the conjugate bases of hydroxyarenes like phenols and naphthols can be viewed as derivatives of an oddalternate hydrocarbon anion, their enhanced acidities are due to the large coefficient on oxygen which is present in the nonbonding molecular orbital (NBMO) [30] . Accordingly, a single electron undergoes photoexcitation from a NBMO to the lowest unoccupied molecular orbital (LUMO), which in the isolated phenol, will not be localized on oxygen. In an uncoupled system, the redistributed charge lowers the basicity of the phenolic oxygen in the excited state, or equivalently, the acidity is enhanced. As a comparative study, quantum chemical calculations were carried out on all three N-aminophenol isomers of 1,8-naphthalimides. From our computational results, Fig. 8 provides a graphical depiction of the highest occupied molecular orbitals.
Initial inspection of the molecular orbital coefficients as well as their negative and positive signs (Fig. 7) shows that the para isomer 3 has the higher degree of symmetry with respect to orbital signs and coefficients. Because dipole moments and molecule polarity have been shown to correlate with MO coefficients and sign, para isomer 3 is expected to be the least sensitive to solvent polarity, whereas a greater degree of solvatochromic behavior is expected with isomers 1 and 2.
Evidence for the occurrence of proton transfer in the excited state is given by a second emission band that represents the conjugate base. Therefore, solvents known for their proton accepting ability (pyridine, DMSO) were added in millimolar amounts to check for increased proton transfer to solvent relative to the ground state. In the case of the compounds 1-3, addition of either DMSO or pyridine resulted in non-linear fluorescence quenching as evidenced by an upward curving graphs of Fig. 4 . Neither the appearance of a new emission band nor a shift of the maximum can be seen in fluorescence spectra. As evidence for ESIPT has been based on the appearance of a second LW band, our data suggest that the phenolic OH group does not form an intramolecular hydrogen bond complex in the excited state. This observation may be due to a phenol system that is strongly coupled to the naphthalimide component. In this case, the π-systems for compounds 1-3 cannot be described as an odd alternate hydrocarbon such as phenol, but rather with both naphthalimide and hydroxyarene as part of the molecular orbital representation. Thus, S o -> S 1 photoexcitation does not necessarily occur from the non-bonding molecular orbital (NBMO), as mentioned above at the phenol oxygen atom, but rather from the highest bonding molecular orbital which has less electron density on the oxygen. Molecular orbital coefficients appear to support this conclusion as the coefficients on the phenol oxygen atom were smaller in all cases with the NI dyes than with phenol itself. Geometry optimization for the ortho isomer generated a minimized Nimide-C-phenol dihedral angle of 82°compared to the other isomer angles around 52°. In this case the pz oxygen orbitals were greatly diminished in electron density and the py orbitals significantly larger. This observation may account for the directional hydrogen bonding between pyridine for isomer 1 relative to meta and para systems [21] .
Conclusion
The fluorescence spectral data point to an ESEC mechanism as opposed to a potentially viable mechanism involving ESIPT. This conclusion is based upon three findings from our spectroscopic measurements. Specifically, none of the isomeric phenols displayed their corresponding conjugate base upon photoexcitation. Rather only isomer 3, which has a parasubstituted hydroxyl group, gave a second emission band in the long wavelength region. One reason for the lack of intramolecular proton transfer can be explained by the less than ideal 7-membered ring transition state required for transfer to effectively occur. Fluorescence measurements were conducted with 2-aminoimidazole since the imidazole-NH group has the potential to form a six-membered ring transition state. However, the absence of a second emission band in these experiments also appears to refute the mechanism of an ESIPT process. In addition, fluorescence quantum yield data indicate that the ortho isomer displayed the brightest fluorescence. This result is attributed to less rotational freedom for 1 relative to the other isomers and a decrease in non-radiative decay via internal conversion. If an intramolecular proton transfer from hydroxyl group to imide carbonyl moiety took place, then a decrease in the SW fluorescence band would be expected. Finally, in the presence of hydrogen bonding solvents, no LW emission bands were observed. In summary, the data presented suggest that fluorophores based on 1,8-naphthalimides are not so amenable to synthetic designs that may promote proton-transfer for radiative decay pathways such as ESIPT. In this case, N-phenyl-1,8-naphthalic imides cannot be synthetically tailored to undergo a LW radiative process that hydroxyflavones typically undergo. Therefore, the inherent electronic properties of the system appear to have a stronger influence than might be anticipated through substitution patterns of proton donor and acceptor groups. In addition, the fluorescence quenching data for isomer 1 show an unexpectedly high K app for pyridine relative to DMSO a solvent that has been shown previously to form stronger hydrogen bonds with phenol. The high K app for pyridine is attributed to a two-point recognition interaction. Plans are currently underway to explore this binding as a fluorescent probe with medicinally relevant pyridine-containing alkaloids such as nicotine, nornicotine and anabasine. 
